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Gentlemen: 

This Final  Report covers work from 1 March 1964 t o  30 June 1969 under Contract 
No, NASr-54(06), Man-Machine Performance Measurement. Under t h i s  contract  an i n t e r -  
d i sc ip l inary  program of research has been conducted between the  Department of Aero- 
space Engineering and the  Department of Psychology concerning the  ana lys i s  and syn- 

t h e s i s  of manual cont ro l  systems, 
l a t i o n  techniques, manual control  system measurement techniques, and many empirical 

s tud ies  of fundamental cha rac t e r i s t i c s  of manual control  system performance, 

The work has included development of system simu- 

In the  paragraphs t h a t  follow abs t r ac t s  of t he  major e f f o r t s  under the  cont rac t  
are presented together with the  reference t o  the  published document, Following the  
abs t r ac t s  a complete bibliography of work published under the  contract  is provided, 

A s ign i f i can t  output of a sustained research e f f o r t  such as t h i s  one i s  the  
t r a in ing  of students f o r  work on manual cont ro l  problems, 
who have par t ic ipa ted  and t h e i r  present pos i t ions  i s  documented a t  the  end of t h i s  

A list of the s tudents  

repor t  0 

the  pro jec t  has accumulated a subs t an t i a l  l i b r a r y  of manual control  l i t e r a t u r e  and 
has served as host t o  the  1965 and 1968 NASA-University Conferences on ManualTControl 
Systems 

In addition t o  the  substant ive research s tudies  t h a t  have been accomplished, 

Fogarty, Lo E,,  E. Howe, R, M, Space t r a j ec to ry  computation a t  the  University of 
Michigan, Simulation, April  1966, 220-226, 
Extensive inves t iga t ion  of methods of real-timesand fast-time computation of 

ea r th  o r b i t s  and reent ry  t r a j e c t o r i e s  has been conducted f o r  both analog and d i g i t a l  
computers, In tegra tor  d r i f t  and mul t ip l i e r  e r r o r s  i n  the  case of analog computers 
preclude the  use of d i r e c t  cornputation i n  i n e r t i a l  frames o r  geocentric coordinate 

systems, 
due t o  t runcat ion and roundoff e r ro r s ,  
coordinate system with var iab les  re fer red  t o  a nominal o r b i t  permits g rea t ly  improved 

Such coordinate systems can a l s o  lead t o  ser ious  d i g i t a l  computer problems 
Introduction of a vehicle-centered ro ta t ing  
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computer sca l ing  which, i n  turn,  very subs t an t i a l ly  improves the  absolute computational 

e r rors .  
reduce grea t ly  t h e  effect of in tegra tor  d r i f t  on the  in-plane motion, 

t o  o r b i t a l  and reentry problems have been obtained i n  real-time, fast-time, and high- 
speed repet i t ive operation using the  above coordinate system, 

In addition, the use of angular momentum and energy cons t ra in ts  is shown t o  
Analog solut ions 

Pew, R, We Performance of human operators i n  a three-state re lay  control  system with 
velocity-augmented displays,  IEEE Transactions on Human Factors _I__ i n  Electronics,  
HFE-7, 2, June 1966, 77-83, 
A one-dimensional th ree-s ta te  re lay  control  t a s k  i n  which human operators served 

__p_s_ -- 

as the  ac t ive  switching and equal izat ion element was employed t o  compare performance 
i n  three display conditions and t o  derive measures of performance t h a t  might prove 
useful  f o r  fu r the r  development of models of human tracking behavior, Two displays 
which provided e x p l i c i t  veloci ty  information i n  the  form of a unidimensional e r ror -  
ve loc i ty  vector superimposed on a compensatory e r r o r  display and two-dimensional 
phase-plane display of e r r o r  ve loc i ty  vs. displacement were shown t o  enhance learning 
over t h a t  produced by the usual compensatory display of e r ro r ,  but only with the  
highest  value of system gain, 30 cm/second, An analysis  of subjects '  i n i t i a l  t ran-  
s i e n t  response represented as mean switching points  i n  the phase-plane revealed 
remarkably l i t t l e  v a r i a b i l i t y  and switching performance close t o  t h a t  of an optimal 
minimum-time cont ro l le r ,  

of time t o  process v isua l  feedback about the ongoing response process was derived 
t h a t  may provide a first s t ep  toward l inking d i sc re t e  reaction-time r e s u l t s  t o  con- 

tinuous manual-control performance, 

Final ly ,  i n  t h i s  qnd two subsidiary experiments, a measure 

Fogarty, Lo E, Computer generation of a rb i t r a ry  functions,  August 1966, 
%(2), 80-89, 
Two schemes f o r  generating functions of several  var iables  on a computer are 

described, 
The first scheme is capable of reproducing a da ta  matrix without e r ro r ,  but the 
amount of equipment required may become very large,  
series approximation t o  the data  matrix which usually converges very rapidly,  "his 
second method requires  precomputation t o  determine the  terms of the  series, In many 
cases t h i s  is not a ser ious  penalty t o  pay i n  view of the modest amount of equipment 
required f o r  acceptable accuracy, 

I t  is shown that  both schemes are p rac t i ca l ,  but both have l imi ta t ions ,  

The second scheme provides a 

Fogarty, L, E, Survey of f l i g h t  simulation computation methods. of SAE 
7 Third Internat ional  Simulation 7 and Conference, New x77 
An h i s t o r i c a l  review of developments i n  f l i g h t  simulator computation methods 



ind ica tes  t h a t  the  computation load has been increasing by about a f a c t o r  of ten  every 
t en  years f o r  the  last t h i r t y  years ,  
used on a typ ica l  modern d i g i t a l  f l i g h t  simulator it is  concluded t h a t  these methods 
are more than adequate f o r  t he  simulation task as presently defined, Additional new 
simulation requirements such as computer-aided ins t ruc t ion  methods and computer-based 
navigation techniques apparently w i l l  r equi re  very la rge  addi t ional  simulator computer 
capacity i n  the near future. 

From a b r i e f  ana lys i s  of computation methods 

Pew, R, W,, Duffendack, J ,  C o s  E Fensch, Le K, Sine-wave t racking r ev i s i t ed ,  - IEEE 
Transactions on Human Factors ___. i n  Electronics, HFE-8, 2, June 1967, 130-134, 
A study of sine-wave tracking is reported which i l l u s t r a t e s  the  extent  t o  which 

-_._II___ 

the  p red ic t ab i l i t y  of t he  input and of t h e  control  device dynamics can be u t i l i z e d  
with extended p rac t i ce ,  

of a s t a b l e  source of noise power i n  the  ~ p e ~ ~ ~ o r ~ ~  output t h a t  has implications f o r  
deriving models of manual t racking perfomratace, 

Analysis of the  e r r o r  power spec t ra  es tab l i shes  the presence 

Jackson, G, A, Measuring human performance with a parameter t racking version of the  
crossover model. 
The purpose of t h i s  research is the  evaluation of a p a r t i c u l a r  parameter t racking 

NASA Contractor Report, NASA CR-910, October 1967, 

system f o r  use i n  measuring the  performance of human operators i n  low order compensa- 
to ry  manual control  systems, The system i s  based on a pqcrossover model" proposed by 
Duane McRuese, which assumes t h a t  the e n t i r e  forward loop of t he  compensatory control  
system can be represented by a gain, an ~ n ~ e g ~ a ~ i o ~  and a pure time-delay, 

A c o ~ t ~ n u o ~ s  parameter t racking system i s  developed using an approximate version 
The approximation involves the  use ~f %he crossover model as the  bas i c  system model, 

of  a f i r s t -osder  Pade time-delay i n  place of the pure time-delay, 
t racking system is designed t o  ad jus t  a u t o m a t ~ c a ~ l y  the  gain and time-delay parameters 

so t h a t  the instantaneous value of t he  square of the  e r r o r  between the  model output 
and the  compensatory system output is  driven toward zeroo 
similar t o  those developed by George Bekey and H a n s  bleissinges, except a nonlinear 
parameter adjustment technique has been added t o  give smoother performance, 

The parameter 

The t racking method is 

The parameter tracking system i s  t e s t ed  on subjects  cont ro l l ing  s ing le  and double 
in t eg ra to r  p lan ts ,  with input  s igna ls  of bandwidth l imited Gaussian noise, 
and time-delay parameters are found t o  change s ign i f i can t ly  with t r a in ing  and with 
the bandwidth of the  input s igna l .  
with the  order of the  plane being controlled. 

The gain 

The parameters a lso vaxy between subjects  and 

Using spec t r a l  analysis ,  t h e  parameter values determined by the  parameter t racking 
system are confirmed, Also, t he  crossover model is shown t o  represent the  compensato 
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system nearly as well as the  bes t  l i nea r  time-invariant model, 
In addi t ion t o  the  experimental t e s t i n g  of  the  parameter tracking system, a 

t heo re t i ca l  analysis  of the  system is undertaken. ' I t  is shown t h a t  the convergence 
proper t ies  of the  parameters can be calculated when the input s ignal  is  sinusoidal 
and the  system is t racking a known constant coef f ic ien t  system. 
analysis  is based on the method of Kryloff and Bogoliuboff. 
analysis  t o  the  random input case is  indicated,  

The theore t ica l  
The extension of t h i s  

I t  is concluded tha t ,  as long as the input bandwidth is properly chosen, the  
parameter tracking system developed i s  an excel lent  method f o r  measuring human per- 
formance i n  ce r t a in  low order compensatory control systems. 

Pogarty, L, E, ,  6 Howe, R, M, Trajectory optimization by a d i r e c t  descent process, 
NASA Contractor Report, NASA CR-1070, April  1968, 
The problem considered is t h a t  of t r a j ec to ry  optimization using step-by-step 

descent t o  minimum cos t  along the  d i r ec t ion  of the cost  gradient with respect t o  the 
control ,  Using a hybrid computer, the gradient is  computed d i r ec t ly  as the  response 
to nearby impulsive control  per turbat ions,  
g r ~ ~ ~ ~ n t  when several  terminal cons t ra in ts  are  enforced, 
of  the method are  presented, 
method has some s ign i f i can t  advantages over o ther  methods. 

A method is  presented f o r  computing the 
Examples of appl icat ion 

I t  is  concluded t h a t  the d i r e c t  gradient computation 

Pew, R e  W, The speed-accuracy operating cha rac t e r i s t i c ,  Acta , 1969, - 
30, 16-26, 
In a search f o r  p a r a l l e l s  between performance i n  manual tracking tasks and 

p e r f o r ~ ~ c e  i n  d i sc re t e  reaction time tasks, the  re la t ionship  between speed and 
accuracy of performance was examined under a wide var ie ty  of  d i sc re t e  t a s k  conditions. 
I t  was found t h a t  regardless  of the  number of a l t e rna t ive  s t imul i  employed, the  leve l  
of d i s c ~ ~ m ~ n a b i ~ i t y  of t he  s t imul i  presented, t he  method of response coding u t i l i zed ,  
o r  t he  method by which the  relevant  emphasis on speed versus accuracy was manipulated, 
a l i n e a r  re la t ionship  between log odds i n  favor of a correct  response and react ion 
time was maintained, 
remained, 
mode1 of choice reac t ion  time and suggests t h a t  it is  possible  t o  define a speed-accuracy 
operating c h a r a c t e r i s t i c  analogous t o  the receiver-operating cha rac t e r i s t i c  i n  s igna l  
detection analysis ,  
tasks concerns the trade-off between response lag and leve l  of e r r o r  t h a t  the operator 
w i l l  to le ra te .  
has never been s tudied quant i ta t ive ly  i n  the  case of manual control systems, 

The slopes and in te rcepts  were var iable ,  but the l i n e a r i t y  
This r e s u l t  is consis tent  with the  conceptual log ic  of a statist ical  decis ion 

The analog of t h i s  operating cha rac t e r i s t i c  i n  continuous tracking 

The re la t ionship  between these two proper t ies  of tracking performance 
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Howe, R. M, Computer mechanization of reentry equations with four degrees of freedom, 
NASA Contractor Report, NASA CR-1249, December 1968. 
An e f fec t ive  method f o r  cont ro l l ing  the  f l i g h t  path of a vehicle during reentry 

i n t o  the  atmosphere is  t o  u t i l i z e  aerodynamic l i f t  forces. 
angle of the vehicle  the l i f t  force vector can be directed upwards o r  downwards t o  
effect the down-range impact point,  o r  sidewards t o  effect the  cross-range impact 

By control l ing the  bank 

point ,  
degrees of freedom which must be represented, 
degrees of freedom and one ro ta t iona l ,  namely the  rol l  motion, 

In computing t r a j e c t o r i e s  f o r  such vehicles there  are fundamentally four  
These are the three t r ans l a t iona l  

In solving the t r ans l a t iona l  equations f o r  reentry there  are s izable  computing 
advantages i n  using a modified f l ight-path axis system ca l led  the H-frame, 
pose of t h i s  report  is t o  add the  fourth degree of freedom t o  these equations i n  order 
t o  alllow the t r a j ec to ry  computation f o r  l i f t i n g  vehicles with control led bank angle, 

The pur- 

Powers, W, F, On the generation of idea l  coordinate systems f o r  the analysis  of 
NASA Contractor Report, NASA CR-1250, December 1968, optimal t r a j e c t o r i e s ,  

A r e l a t i v e l y  well-known property of continuously thrus t ing  optimal t r a j e c t o r i e s  
is t h a t  there  exists a vector  constant of the motion which is l i n e a r  i n  the Lagrange 
mult ipl iers .  
f o r  d i f f e ren t  sets of state var iables  is l inear ,  the p o s s i b i l i t y  e x i s t s  t h a t  there  
is an idea l  coordinate system such t h a t  three of the associated Lagrange mul t ip l ie rs  
are constants of the motion, 

Since the  re la t ionship  between the corresponding Lagrange mul t ip l ie rs  

I t  is shown t h a t  such a s i t u a t i o n  i s  impossible f o r  
more than one of t h e  three constants of the  motion, 
is applicable t o  the  problem of generating sets of state var iables  such t h a t  one of 

Mowever, a method due t o  Whittaker 

responding Lagrange mul t ip l ie rs  is  a constant of the  motion. I t  is shown t h a t  
the system of var iables  generated by cy l indr ica l  coordinates possesses t h i s  property 
and, f o r  a large class of problems, the remaining constants of t he  motion are used 
e f f ec t ive ly  t o  reduce from twelve t o  nine the  number of d i f f e r e n t i a l  equations which 
define three-dimensional , optimal t r a j e c t o r i e s  

Robb, Margaret, E Pew, R. W, S k i l l  t r a in ing  f o r  t he  production of a memorized move- 
ment pa t te rn ,  
Many s k i l l e d  tasks require  execution of a movement pa t t e rn  directed toward a 

NASA Contractor Report, NASA CR-1251, December 1968, 

s p e c i f i c  goal, 
about how well he is  doing u n t i l  the movement pa t te rn  is  completed; instantaneous 
e r r o r  in fomat ion  is not avai lable  along the way, Although t h i s  kind of task has 
not  frequently been s tudied i n  the  laboratory, it i s  very common i n  p rac t i ca l  s i t u -  
a t ions ,  

However the  individual performing the  movement lacks infomat ion  

A go l f e r  perfect ing h i s  swing, a p i l o t  executing a procedural tu rn  under 
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VFR conditions, and an astronaut  performing extra-vehicular maneuvers are typical 
examples, 

several possible  procedures f o r  t ra in ing  human operators i n  the  execution of t h i s  
class of memorized movement pa t te rn ,  

The question t o  be attacked i n  t h i s  report  concerns the evaluation of 

Five t r a in ing  methods were administerea over a period of 5 one-hour da i ly  sessions 

t o  f ive  d i f f e ren t  groups of subjects ,  
t h e i r  performance of the  required movement pa t te rn  from memory, The t r a in ing  condi- 
t ions  consisted of (1) pa t t e rn  memory condition i n  which the subjects  were shown the 
desired pa t te rn  but were given no cues about how t o  make the  movement while it was i n  
progress, (2) pursu i t  tracking condition, (3) a l t e rna t ing  pa t te rn  memory t r a in ing  
and pursu i t  tracking t r a in ing  i n  t e n - t r i a l  blocks, (4) a l t e rna t ing  pursu i t  tracking 
and passive watching of the movement pa t t e rn  t raced out i n  time i n  t e n - t r i a l  blocks, 

On the  s ix th  day the  groups were a l l  t e s t ed  on 

5) a l t e rna t ing  pursu i t  tracking a t  ha l f  speed i n  t e n - t r i a l  blocks, 
Passive watching t r ia ls  and slow speed t r i a l s  contributed nothing t o  the t ra in ing  

Alternating pa t te rn  memory and pursu i t  tracking appeared t o  improve pa t te rn  process, 
~ e m o ~ y  performance about equally t o  a l l  pa t t e rn  memory t r i a l s ,  After t r ans fe r r ing  
t o  the tes t  conditions,  the f u l l  speed--half speed p rac t i ce  produced s ign i f i can t ly  
worse pat te rn  memory performance, but the  other  cqnditions were not r e l i ab ly  d i f -  

r en t ,  This study has broken ground f o r  the study of memorized movement pa t te rns  

but did not discover t r a in ing  conditions t h a t  were any more e f f ec t ive  than d i r e c t  
p ~ ~ ~ t i c e  of the task as it was t o  be performed, 

Herzog, J o  He Proprioceptive cues and t h e i r  influence on operator performance i n  
NASA Contractor Report, NASA CR-1248, January 1969, manual control ,  

~ ~ n t ~ ~ ~  engineers and psychologists have j o i n t l y  par t ic ipa ted  i n  research 
intended t o  inves t iga te  the unique cha rac t e r i s t i c s  of control  systems which contain 

operator,  A class of tracking problems known as compensatory tracking is 
of special  i n t e r e s t  due t o  i t s  s i m i l a r i t y  t o  manual control  problems such as f ly ing  
an a i r c r a f t ,  

In t h i s  research the neuromuscular control  system of the human upper limb was 
invest igated as an auxi l ia ry  source of sensory information, 
block diagram of the  human operator indicated t h a t  a control  system with in t e re s t ing  
cha rac t e r i s t i c s  could be devised i f  the  control  s t i c k  were constructed t o  be a mech- 
an ica l  analog of the p lan t  being control led,  This is ca l l ed  the  matched manipulator 
control  technique, 
sensed and used as the control  input t o  the  plant,, 
put and the control  s t i c k  pos i t ion  were placed i n  correspondence, 

Analysis of a functional 

The torque applied by the  operator t o  the control s t i c k  was 
For s t ab le  p l an t s  t he  p lan t  out- 

This correspondence 
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allowed the  physiological force and posi t ion feedback paths of the upper limb t o  fur- 
nish information t o  the  operator concerning the  state of the  p lan t ,  

When the matched manipulator technique is used, the  control  force applied t o  

the p lan t  is a scalar multiple of the react ion force experienced by the operator,  
The operator is i n  a pa r t i cu la r ly  advantageous posi t ion t o  formulate control  s t r a t e g i e s  

t o  emphasize e i t h e r  accurate control  performance o r  minimum use of control  e f f o r t ,  
In order t o  inves t iga te  the  matched manipulator technique and o ther  questions 

associated with the re la t ionship  of control  s t ick  llfeeltl t o  performance i n  manual 
control  a spec ia l  control  s t i c k  w a s  constructed, 
Control St ick,  t h i s  device u t i l i z e d  a torque motor t o  provide operator react ion 
force as specif ied by functions generated on an analog computer. Using voltage 
s igna ls  r e l a t ed  t o  the  control  stick posi t ion,  veloci ty  and accelerat ion,  the analog 
computer formed functions of these var iables ,  
these functions t o  be accurately converted t o  torque by a torque motor, By simulating 
mechanical react ion forces  with t h i s  apparatus it was possible  t o  produce a wide range 
of control  s t i c k  cha rac t e r i s t i c s  including time var ia t ions ,  i n s t a b i l i t i e s ,  and non- 
l i n e a r i t i e s ,  

Known as the Variable Dynamics 

A closed loop control  system allowed 

Experimentation conducted u t i l i z i n g  the matched manipulator technique with several  
human operators indicated t h a t  performance with the matched manipulator technique was 
consis tent ly  superior  t o  control  of the same plan ts  with posi t ion type control s t icks ,  

The e ~ ~ r i m ~ n t a t i o n  included l i nea r  p lan ts ,  nonlinear p lan ts ,  time varying plants ,  un- 
s t ab le  p lan ts ,  and l i nea r  p l an t s  with time delay, Describing function representations 

of the combined open loop cha rac t e r i s t i c s  of the operator and the p lan t  indicated a 
uniformity of performance when using the matched manipulator technique, 

The matched manipulator technique seems t o  o f f e r  an in t e re s t ing  and useful means 
of a l t e r i n g  the in t e r f ace  between the  human operator and h i s  electro-mechanical sur- 
roundings i n  order t o  improve the system performance, 
applied can r e s u l t  i n  extremely high compatibil i ty between the  human and the p lan t  
with corresponding improvements i n  control performance, 

This technique when properly 

Burgett, A, Lo A study of human operator performance using regression analysis ,  NASA 
Contractor Report, NASA CR-1259, January 1969, 

The purpose of t h i s  research is twofold: the  development of a parameter ident i -  
f i ca t ion  technique which can be used with in t e rva l s  of data  which are on the order 
of 20-seconds and shor te r  i n  length and secondly, the use of t h i s  technique i n  a study 
of various aspects of human operator performance i n  low order compensatory control  tasks ,  

As developed here, the parameter i den t i f i ca t ion  technique is a modification of the  



classical statist ical  regression analysis ,  modified i n  the  sense t h a t  i n t eg ra l s  of 
continuous functions of time are used t o  obtain the  desired parameter estimates 
instead of sums of d i s c r e t e  da t a  samples, 
a technique proposed by A, I ,  Rubin is used t o  imp l i c i t l y  inve r t  the  cor re la t ion  
matrix which is p a r t  of any regression ana lys i s  formulation, 

In addi t ion t o  the  in t eg ra l  formulation, 

This makes the  e n t i r e  

technique amenable t o  implementation on an analog computer, 
t h e  parameters being estimated appear as elements of a dynamical system, 

mates o f  the  system parametes values are obtained by first constructing a model of 
the system f o r  which the  parameter values are known. 
are then obtained by combining the  known model parameter values with estimates, ob- 
ta ined with the  regression ana lys i s  technique, of the  difference between the corres- 
ponding mode1 and system parameters, 

In the  present research 
The esti-  

The system parameter estimates 

The regression analysis  technique is  used t o  analyze the  performance of human 
operators i n  low order compensatory manual control  systems, 
two experiments i n  which the subjec ts  controlled s ing le  and double in t eg ra to r  dynamical 
systems with an input  which was low frequency noise ,  In modeling the  human operator 
system the 88crossover model8' proposed by Do To McRuer i s  used, This model expresses 
the  e n ~ ~ r e  forward-loop of the  compensatory control  system as a s e r i e s  of operators:: 
a gain L, a time-delay T# and a s ing le  in tegra t ion ,  The study takes the  form of ob- 
t a in ing  e s t i ~ ~ t e s  of t h e  parameters K and T f o r  twenty-five 20-second in t e rva l s  for  
each day of t e s t ing ,  

This study is based on 

From an analysis  of these parameter values, inferences are made 
out  the performance of the  human operators 

A novel approach which i s  taken i n  the analysis  o f  the parameters is  t o  divide 
the  ~ a ~ i a n ~ e  of both K and T ,  based on 20-second da ta  in t e rva l s ,  i n t o  a within-subject 
component and a between-subject component f o r  each day of t e s t ing ,  On the  bas i s  o f  
the components of variance f o r  K and T t he  following cha rac t e r i s t i c s  of the  human 
operator when cont ro l l ing  low order dynamical systems are inferred,  

(I) The human operator adopts a more consis tent  "signal processing patht1 as he 
learns the  t racking task,  
The subjec ts  are more uniform i n  control  s t r a t egy  f o r  t h e  double in t eg ra to r  

system than f o r  the s ing le  in t eg ra to r  system, 
The variance of I= i s  a more sens i t i ve  ind ica tor  of learning than is the  average 
value of e i t h e r  K o r  T, 
There appears t o  be an inherent  v a r i a b i l i t y  i n  the  human operator gain on which 
t r a in ing  has l i t t l e  effect, 

(2) 

(3) 

(4) 
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Warner, J, D, A fundamental study of pred ic t ive  display systems, NASA Contractor 
Report, NASA CR-1274, February 1969, 
This report  presents  the  results of a fundamental study of t he  pred ic t ive  d i s -  

play technique, 
vantages and l imi ta t ions  of pred ic t ive  displays i n  man-machine systems, and a s t a r t i n g  
point  f o r  both fu ture  research and eventual applications,, 

I t  i s  intended t o  provide a bas is  f o r  understanding some of the ad- 

The p a r t i c u l a r  pred ic t ive  

technique considered i n  t h i s  repor t  u t i l i ze s  a r epe t i t i ve ,  fast-time, on-line com- 
putat ion scheme developed by H, Ziebolz which provides a predicted response of the 

control led element t o  the human operator based on ce r t a in  assumptions about fu ture  
control  inputs and disturbances,  
been concerned with spec i f i c  appl icat ions t h a t  there  is a need f o r  c l a r i f i c a t i o n  of 

applicable terminology as well as a need f o r  general invest igat ions i n t o  the effects 
of ce r t a in  inherent cha rac t e r i s t i c s  of pred ic t ive  display systems, 

I t  i s  apparent from previous s tud ies  which have 

On the  bas i s  of a review of the known l i t e r a t u r e  on the subject ,  an in-depth 

discussion is provided on the various cha rac t e r i s t i c s  t h a t  a re  important i n  any pre- 
d i c t ive  display appl icat ion,  
is discussed, 
out the possible  advantages of a predic t ive  display and those cha rac t e r i s t i c s  which 
might be important, 

In addition, the  problem of performance measurement 
A discussion of several  po ten t i a l  appl icat ions i s  provided t o  point  

An experimental invest igat ion on the effects of control led element dynamics on 
performance with th ree  display forms (exploratory predict ion,  on-line prediction, 
and no p ~ e ~ ~ c t i o n ~  i n  a t i m e  vs,  e r r o r  format i s  reported, 
control  task f o r  a pure i n e r t i a  system driven by a fixed three-s ta te  re lay  con t ro l l e r  
was chosen f o r  the study, The system is described by several  independent parameters 
which are hypothesized as being important i n  a var ie ty  of manual control s i t ua t ions ,  
These paramters are var ied systematically t o  determine t h e i r  effect on performance 
with the  three display forms. 
use i n  minimum-time terminal control  tasks, 

A minimum-time terminal 

Several new performance measures are developed f o r  

I t  is found t h a t  the  human operator performs with consis tent  control  timing 
accuracy using exploratory predict ion,  independent of t he  various system parameters 
and the  e f f ec t ive  display gain,  Performance var ia t ions  i n  terms of the system and 

task-oriented cri teria are found, however, which are explained through an analysis  
of the s e n s i t i v i t y  of the criteria t o  constant timing e r ro r s  i n  the  appl icat ion of  
control  changes, 
exploratory predict ion,  Performance with the  normal display on the o ther  hand is 
more var iable ,  and generally becomes worse as the  required mental predict ion t i m e  
spans of the operator increase,  

On-line predict ion y i e lds  near ly  the same leve l  of  performance as 
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A general conclusion from t h i s  research e f f o r t  is  t h a t  pred ic t ive  displays are 
po ten t i a l ly  useful  whenever t h e  information processing requirements a re  severe and 
required mental predict ion time spans are not shor t ,  but t h a t  addi t ional  s tud ies  are 
needed comparing predic t ive  displays t o  semi-automatic systems using command displays 
and €ully manual systems using advanced integrated display forms. 
conclusions from the experimental e f f o r t  are: (1) exploratory predict ion and on-line 
predict ion r e s u l t  i n  near ly  the same leve l  of  performance as long as the  required de- 
c i s ion  times are not shor t ,  and (2) performance measure se lec t ion  is cri t ical  t o  the 
evaluation of  advanced display systems and of  the  effect of d i f f e r e n t  system para- 
meters e 

Additional spec i f i c  

Pew, R, W,, 6 Ghananie, J, D, Subjective sca l ing  of spr ings,  shock absorbers, and 
Conference on Manual 

_5___1_1 

of the 5th Annual NASA- - f l y  wheels a 

Control, Camb 69 

]In an attempt t o  examine a human operatosss  s e n s i t i v i t y  t o  the dynamic feel charac- 
ter is t ics  of  a physical control  s t i c k ,  observers were asked t o  provide, on the bas is  of 
%eel alone, subject ive r a t ings  of the r e l a t i v e  magnitude of spring res tor ing  torques, 
~ i c t ~ ~ ~ ~ ~  o r  damping c h a ~ ~ c t e r i s t i c s ,  and i n e r t i a l  effects i n  an attempt t o  develop 

$ ~ a ~ e ~  of ~ u b ~ e c t i v ~  response as a function of the  physical magnitude of these var i -  
ableso 
device, would the  observer perceive that  twice as much damping was present?  
a 
~ ~ n t ~ o ~  s t i c k ,  

For  example^ i f  we doubled the  physical magnitude of damping i n  a control 

Physical 
c s t i c k  ~ h a r a c t e ~ i ~ t i c s  we presented t o  the observers with a var iable  dynamics 

When the  re la t ionship  between p e ~ c e i v ~ d  magnitude and actual  physical  magnitude 
is p lo t t ed  i n  double logarithmic coordinates, the  r e su l t i ng  curves f o r  spr ing con- 

d e ~ c r ~ b e d  by l i n e a r  functions. 
by a power function similar t o  tha t  which has been found t o  be appropriate f o r  o ther  

t, f o r  ~ o ~ f f ~ c ~ e n t  of viscous damping, and f o r  moment of  i n e r t i a  are adequately 
Thus, it appears t ha t  these data  may be represented 

dimensions~ I t  is  of i n t e r e s t ,  then, t o  examine the  slope of these power 
functions. 
sical d i m ~ n s ~ ~ n  and the  perceived effect, 
s i t i v i t y  as the magnitude of the  physical dimension increases,  while slopes g rea t e r  
than one imply increasing s e n s i t i v i t y  with increasing physical magnitude, 
obtained were spr ing constant: 

f o r  two d i f f e ren t  groups of subjects ,  and moment of i n e r t i a :  
d i f f e ren t  measurement groups, 
re la t iwely accurately,  while observers tend t o  be more sens i t i ve  t o  changes i n  moment 
of i n e r t i a  with increasing stimulus magnitude, 

A slope equal t o  1 , O  implies a one-to-one correspondence between the  phy- 

Slopes less than one imply a lo s s  of sen- 

The slopes 
1,05, coef f ic ien t  of viscous damping: 0,89 and l,04 

1,27 and 1,232 f o r  two 
Thus springs and viscous f r i c t i o n  appear t o  be judged 
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When moment of i n e r t i a  was judged i n  the  presence of three leve ls  of damping and 
coef f ic ien t  of viscous damping w a s  judged under three  leve ls  of i n e r t i a ,  it was found 

t h a t  the increasing l eve l  of the  secondary dimension tended t o  mask the  observer's 
s e n s i t i v i t y  t o  the primary dimension, 
exponent decreased as the level of the secondary dimension increased, That is, the  
observer's s e n s i t i v i t y  t o  the judged dimension was decreased i n  t h e  presence of in-  
creasing amounts of t he  secondary dimension, 

In both cases the  value of t he  power function 

In addi t ion t o  the demonstration of a methodology f o r  evaluating the  per  
effect of dynamic dimensions of a control  s t i c k ,  the most important p rac t i ca l  
appeared t o  be the  demonstration t h a t  the perceived massiveness of the control  de- 
vice grows more rapidly than does i t s  c o ~ r e s ~ o ~ ~ i ~ g  physical magnitude, This r e s u l t  

t h e r  reason f o r  minimizing control  s t i c k  i n e r t i a  as well as  Suggesting 
tha t  when the i n e r t i a  is r e l a t i v e l y  large, smalJ changes i n  the  level  of the i n e r t i a  

re l i k e l y  t o  be noticed by the operator,  

G How@, R, M, Computer mechanization sf six-degree of freedom f l i g h t  
s, NASA Coahtra~tor Report, NASA CR-1344, May 1969, 

of the six-degree-of-fffeedom f l i g h t  equations f o r  a i r c r a f t  and missiles 
one of the most i m ~ o r t a n t  appl icat ion areas f o r  analog, hybrid, and d i g i t a l  

Impo~tant  computer requirements such as accuracy and speed are de- systems, 
much on the choice of axis system f o r  the ~ ~ ~ s ~ a t i o n  equations of motion, 

ee t ion  it is well known t h a t  the f l ight-path ax is  system makes much lower 
peed d e ~ ~ d s  on the computes than does t he  body-axis system, Computa- 

t i ons  of EuIer Angles and vehicle pos i t ion  fo r  both the f lat  ea r th  and the spherical  
ea r th  cases are considered as well as the  c o ~ ~ t a t i o n  of aerodynamic forces  and mo- 
m e ~ t ~ ~  The p ose of t h i s  paper is t o  point  out again the  advantages of  f l i g h t  path 
axes and t o  summarize the overal l  equation requirements for solving the six-degree 
of freedom f l i g h t  equations, 

Sincerely yoursI 

Robert M, Howe Richard W, Pew 
Information and cont ro l  Human Performance Center 
Engineering Program Department of Psychology 

Department of Aerospace 
Engineering 

Co-Principal InvesEigators 
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